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Abstract 
We analyze the microscopic mechanisms limiting the open-circuit voltage Voc of high efficiency 
amorphous/crystalline silicon (a-Si:H/c-Si) heterojunction solar cells. The study is based on passivation experiments 
with undoped a-Si:H layers as well as device-relevant doped/undoped a-Si:H stack structures and extensive layer 
characterization. We conclude that the density of strained bonds in the a-Si:H and the Fermi level (EF) position at the 
heterointerface codetermine the passivation potential of a given structure. Thus, the commonly observed deterioration 
of the undoped a-Si:H/c-Si passivation upon deposition of a doped a-Si:H top layer can be interpreted as defect 
equilibration in the a-Si:H layer (i.e. the EF-dependent formation of dangling bond defects in a-Si:H from strained Si-
Si bonds). Consistently, employing the well-established “defect pool model” which describes the EF-dependent defect 
formation, the observed recombination velocities of (p/n)a-Si:H/(i)a-Si:H/c-Si stack structures can be quantitatively 
explained without invoking any fit parameters. The impact of this effect on solar cell Voc is quantified. 
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1. Introduction 
Solar cells based on a-Si:H/c-Si heterojunctions have gained much attention in recent times due to their 
high conversion efficiency potential [2], resulting from the benefits of a heterojunction for charge carrier 
separation and the outstanding degree of c-Si surface passivation provided by a-Si:H. To maximize the 
carrier lifetime in the c-Si absorber and thus the device Voc, thin undoped a-Si:H layers [(i)a-Si:H] are 
usually introduced between the doped a-Si:H layers (forming the emitter and BSF) and the c-Si absorber, 
as doped a-Si:H alone provides inferior passivation. It is commonly observed that the initial passivation 
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after (i)a-Si:H deposition deteriorates upon forming a stack with doped a-Si:H, thus limiting device 
performance [3]. In a recent publication this effect was ascribed to the breaking of Si-H bonds at the 
heterointerface due to the shifting Fermi level, based on hydrogen effusion measurements showing 
hydrogen loss occurring at lower annealing temperatures when EF is shifted away from midgap [4]. 
Here we present evidence for the involvement of both EF and the a-Si:H network structure in a-Si:H/c-
Si interface passivation: We analyze the minority carrier lifetime of doped a-Si:H/(i)a-Si:H/c-Si samples 
(being representative of solar cell structures) with varying doping level of the top layer, and thickness or 
deposition conditions of the passivating (i)a-Si:H layers. These parameter variations lead to systematic 
changes both in the a-Si:H network strain and EF at the heterointerface [6,9], which are found to 
codetermine the surface recombination velocity S. In consequence, we analyze our data employing a 
combination of the “defect-pool model” [1] and a model for a-Si:H/c-Si interface recombination [5]. The 
defect pool model describes the interplay between a-Si:H Urbach energy (density of strained Si-Si bonds), 
Fermi level shift and a-Si:H bulk defect concentration due to interconversion of weak Si-Si bonds and 
dangling bonds. Linking this to the interface recombination model with the simple assumption that the 
heterointerface does not possess unique properties but “probes” the a-Si:H bulk defect density, for which 
we recently presented evidence [6], the experimental data can well be modeled without additional fit 
parameters. We thus highlight the importance of a-Si:H defect equilibration in a-Si:H/c-Si heterojunctions 
and identify the microscopic parameters which limit Voc in a-Si:H/c-Si heterojunction solar cells. 
2. Experimental Details 
The a-Si:H layers were deposited in conventional parallel-plate plasma-enhanced chemical vapour 
deposition (PECVD) systems operating at 13.56 MHz excitation frequency for the undoped and 60 MHz 
for the doped layers. Doping was achieved by mixing SiH4 with H2-diluted diborane/phosphine for the 
(p/n)a-Si:H-layers, with boron/phosphorous gas phase concentrations between 250 ppm and 4000 ppm. 
The (i)a-Si:H layers were deposited at Tdepo = 170°C using the LP parameter set from Ref. 6, while the 
(p/n)a-Si:H was deposited at 130/190°C with pressure p = 0.5 mbar, power density P = 19 mW/cm2, 
d = 28 mm electrode distance and no H2 dilution. To link the a-Si:H layers’ microscopic parameters to 
their passivation potential, we measured near-UV photoelectron spectroscopy (PES) in the constant-final-
state-yield mode (CFSYS) on 10 nm thick (i)a-Si:H to extract the a-Si:H valence band tail slope, or 
Urbach energy, E0V [7]. We measured Fourier-transfrom infrared spectroscopy on symmetric (i)a-
Si:H/(n)c-Si/(i)a-Si:H structures with 10 nm a-Si:H thickness to extract the hydrogen content. To quantify 
the passivation of the c-Si surface we measured the effective lifetime τeff of the c-Si minority carriers in 
symmetrical samples employing transient photoconductance decay (PCD), and extracted the surface 
recombination velocity by S = W/2 (1/τeff -1/τAuger) with the Auger-lifetime τAuger [8] and the wafer 
thickness W. To deduce EF at the a-Si:H/c-Si interface (EF,S) we measured the c-Si dark band bending eφ 
using the surface photovoltage (SPV) technique [9] on one-sided heterostructures codeposited with the 
symmetrical lifetime samples. EF,S is calculated by the equation EF,S= EF,bulk-eφ, knowing EF in the c-Si 
bulk (EF,bulk) from the c-Si doping. Further details on the employed methods can be found in Ref. 9. 
3. Results and Discussion 
3.1. Equilibrated (i)a-Si:H/c-Si interface 
Recently we analyzed the passivation potential of thin (i)a-Si:H layers deposited under varying 
PECVD conditions, prior to and after annealing [6]. We found that in the as-deposited state there is a 
pronounced scaling of the a-Si:H/c-Si interface defect density Nit with the a-Si:H hydrogen content and 
Urbach energy (these two quantities being correlated). After annealing, this trend is almost leveled out 
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with a small slope in Nit(E0V) remaining. The absolute level of the annealed Nit and the remaining slope 
were found to be consistent with the bulk defect density of thick a-Si:H layers, when an interaction of a-
Si:H bulk defects with c-Si minority carriers at the heterointerface is assumed (e.g. by tunneling). Thus it 
was shown that the a-Si:H bulk properties are determining the defect density which is probed by the c-Si 
minority charge carriers at the heterointerface. This implies that the a-Si:H/c-Si interface does not possess 
specific properties but serves as a window between c-Si (hosting excess charge carriers) and a-Si:H bulk. 
This finding is reproduced with the present samples in Fig. 1a, where the surface recombination velocity 
S for single (i)a-Si:H layers is found to increase with the (i)a-Si:H Urbach energy (open symbols).  
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Fig. 1. (a) Surface recombination velocity S for (i)a-Si:H layers and (p/i)a-Si:H stacks (4000 ppm (p)a- Si:H doping) in dependence 
on the (i)a-Si:H Urbach energy E0V. (b) S for (p/i)a-Si:H/(n)c-Si stacks (full symbols) and (n/i)a-Si:H/(p)c-Si stacks (half-open 
symbols) with varying top layer (TL) doping concentration. The abscissa displays the Fermi level position (relative to the a-Si:H 
valence band) at the heterointerface as implied by the c-Si equilibrium band bending measured with SPV. Lines are predictions of 
the EIDR model (explained in the text). Black line: Without any incorporation of c-Si band bending. Red line: EIDR model with 
SPV-measured c-Si dark band bending imposed by fixed charge Qf. Dashed red line: Qf enhanced by 50% as compared to red line. 
3.2. Phenomenology of doped a-Si:H/(i)a-Si:H passivation 
The question now arises if the Urbach energy also serves as an ordering parameter for stacks of doped 
and undoped a-Si:H, as found in heterojunction solar cell emitter structures. To tackle this question we 
deposited (p)a-Si:H with a gas phase boron concentration of 4000 ppm on top of the (i)a-Si:H. We had 
verified by in-situ annealing of several layers in the PES setup under UHV, that upon thermal treatment at 
up to 200°C for 20’, no changes in the Urbach slope occur (cf. Ref 6). Thus we can expect that E0V is 
unaffected by the (p)a-Si:H deposition. As can be seen from Fig. 1a (closed symbols), the resulting 
recombination velocity after deposition of the (p)a-Si:H is systematically higher – thus illustrating the 
well-known lifetime deterioration upon stack formation – and still dependent on the Urbach energy. 
The increase of S upon deposition of a doped top layer, as seen in Fig.1a, was recently linked to a 
Fermi level shift in the (i)a-Si:H, imposed by the doped a-Si:H [4]. The present data now implies that for 
a fixed EF,S (either around midgap for pure (i)a-Si:H or shifted towards the a-Si:H valence band for (p/i)a-
Si:H stacks as illustrated on the left in Fig. 1), E0V serves as an ordering parameter. In order to work out 
the implied dependence of S on a varying EF,S in more detail, we deposited symmetrical (p/i)a-Si:H stacks 
on (n)c-Si as well as the doping-inversed structures with varying thickness but identical (i)a-Si:H-layer 
growth conditions (thus constant E0V), and varying doping of the top layer. We then again measured the 
minority carrier lifetime to deduce S while the Fermi level at the heterointerface was monitored with SPV. 
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Thus we end up with data pairs of {S, EF,S} for a fixed Urbach energy of the passivating (i)a-Si:H layer 
adjacent to the interface. 
The resulting plot in Fig. 1b shows that the passivation by stack structures systematically depends on 
the Fermi level position at the heterointerface. Note that for the present structures, a shift of EF,S can result 
either from a changed doping concentration in the top layer and/or from a changed thickness of the (i)a-
Si-layer which – due to its low concentration of rechargeable defects – can support part of the band 
bending. Thus, a thicker (i)a-Si:H-layer decreases the c-Si band bending and leads to a shift of EF,S 
towards midgap, as compared to a thinner (i)a-Si:H buffer layer. The (n)a-Si:H top layers display a much 
lower spread of EF,S. This is due to the higher doping efficiency of PH3-doped (n)a-Si:H as compared to 
B2H6-doped (p)a-Si:H when the same gas phase concentrations are used. Therefore, EF,S gets pinned at 
the onset of the a-Si:H conduction band tail already at comparably low n-type doping. The overall 
increase of S for a given EF,S shift is much lower on the (n/i)a-Si:H/(p)c-Si side of the plot. 
3.3. Linking defect equilibration and interface recombination 
The richness of the picture in Fig.1 lends itself to further analysis: It is demonstrated that both Urbach 
energy and Fermi level position serve as ordering parameters for the (equilibrated) passivation potential 
of [(p/n)a-Si:H/](i)a-Si:H/c-Si structures, and not only EF as previously invoked. Instead of EF-dependent 
breaking of Si-H bonds, it is suggested that the weak Si-Si bonds (whose density is reflected in the 
Urbach energy E0V) play an important role in determining the a-Si:H/c-Si defect concentration. As the 
interaction between a-Si:H bulk defects and a-Si:H/c-Si interface recombination is established [6], it is 
consequent to assume an a-Si:H bulk effect to be the origin of the passivation phenomenology seen in 
Fig.1. It is well known from extensive studies on thick a-Si:H, that the bulk defect density and  
-distribution in those layers is dependent on both Urbach energy and Fermi level position, through EF-
dependent conversion of weak Si-Si bonds into dangling bonds. This effect, which is termed “defect 
equilibration” and which results from the metastable nature of the amorphous network, is well-known and 
has been extensively studied in the past (cf. Refs. 1 & 11 and references therein). 
The similarity of the trends in Fig. 1 to the phenomena known from bulk a-Si:H suggests defect 
equilibration to be at work in a-Si:H/c-Si interface recombination as well: A larger Urbach energy of the 
a-Si:H adjacent to the heterointerface represents a larger pool of potential interface defects, which are 
formed during doped a-Si:H deposition depending on EF at the interface. Thus, the passivation 
deterioration can be explained by defect re-equilibration in the a-Si:H adjacent to the interface upon 
shifting EF,S by the doped top layer and providing enough thermal energy during the PECVD process.  
Taking one step further we will now verify if the a-Si:H defect equilibration concept can provide a 
quantitative explanation for the observed trends in the surface recombination velocity S. To this end, we 
link a commonly accepted parametrization of the defect equilibration concept with a lifetime model for a-
Si:H/c-Si interface recombination to quantify the interplay between a-Si:H defects and a-Si:H/c-Si 
interface recombination: We start with the “improved defect-pool model” (DPM) by Powell and Daene 
[1] which we implemented using the equations from the respective paper. We extracted the microscopic 
input parameters from measurements as far as they were accessible (Urbach energy E0V from CFSYS, H 
content from FTIR), and used the values from Ref. 1 for the others, except for the “freeze-in” temperature 
T* for which we assumed 400 K (corresponding to Tdepo during (p)a-Si:H deposition). The most crucial 
parameters of the DPM are the Urbach energy, quantifying the amount of potential defects (the “depth” of 
the defect pool), and EF, acting as the “lever” for defect formation from strained Si-Si bonds. 
In a next step, we make the simple assumption that the equilibrated a-Si:H/c-Si interface does not 
possess special properties but serves as a “membrane” between the c-Si and a-Si:H, based on our recent 
results [6]: Charge carriers cannot easily cross from c-Si to a-Si:H due to the band offsets, but within the 
tunnel length dt, the defect density of the a-Si:H bulk is probed by the c-Si charge carriers, thus being 
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reduced from a 3D density Nd to a (quasi-)2D interface defect density Nit, by the connection Nit=Nd dt. 
Assuming that the tunneling of holes through the barrier represented by the valence band offset 
ΔEV ≈ 0.45 eV (being larger than the conduction band offset by a factor of roughly 3) [10] is the limiting 
step and calculating the corresponding tunneling probability, dt ≈ 2.7 nm is found. Thus, the connection 
Nit = Nd·2.7 [nm] maps the defect-pool equilibrated a-Si:H defect density onto the heterointerface. 
We further need a model to calculate the impact of a given defect distribution on the a-Si:H/c-Si 
interface recombination velocity S. We make use of a recently published semianalytical model [5], which 
takes into account the c-Si band bending and dangling bond amphoteric occupation statistics. We 
approximated the defect distribution D(E) resulting from the DPM by a single Gaussian, which is a 
reasonable assumption for the doped layers and yields some tolerable deviation for ideally intrinsic layers. 
As the lifetime model incorporates the correct amphoteric occupation functions, no calculation of an 
“effective one-electron DOS” as discussed in Ref. 1 is needed. Further we chose the c-Si bulk lifetime to 
be limited only by Auger recombination and used typical values for the capture cross sections (σn0 = σp0 = 
10-17 cm2, σn/pcharged = 10 σn/p0). In a first step, we included no c-Si dark band bending. In a second step, an 
interface charge Qf was defined such that the c-Si band bending in the dark equals the SPV-measured 
values to roughly incorporate the impact of field-effect passivation. Thus we can calculate the resulting 
interface recombination velocity S from this “equilibrated-interface-defect recombination” (EIDR) model, 
with a given Urbach energy E0V and Fermi level position at the interface EF,S as input parameters.  
3.4. Correspondence with measured data 
The predictions of the EIDR model are shown in Fig.1 as black lines (no c-Si band bending) and red 
lines (fixed charge Qf to impose band bending). Note that as we took S data on two different c-Si 
substrates, we need two parametrizations of the recombination model to describe the data, leading to the 
splitting of the EIDR curves at EF,S ≈ 1.1 eV. It is obvious that the EIDR model reproduces the principal 
trends in Fig. 1 and provides roughly correct estimations of the S values for large parts of the parameter 
space covered by the experimental data. While the black lines, representing modeling results without any 
c-Si band bending, lead to a less good agreement with the experiment and systematically higher S values 
due to the missing contribution of field-effect passivation, the red lines show a satisfactory agreement. 
Note that no fitting was involved, but only parameter values from literature and first-principle reasoning. 
Thus, despite the “proof-of-concept” nature of the present modeling approach, the results are promising.  
A significantly better agreement with the data could be achieved if some of the literature parameters 
were tuned within their uncertainty range; however this would lack a physical foundation and is therefore 
refrained from. Instead, the impact of some shortcomings of the present model shall be discussed: 
Firstly, the field-effect passivation resulting from the c-Si band bending (which is particularly important 
for the “extreme” values of EF,S) is not consistently included so far: Although the incorporation of a fixed 
charge, as first introduced in the modeling of the c-Si/SiOx interface [12], is commonly used in  
a-Si:H/c-Si modeling as well, the validity of this approach in the framework of the EIDR model is not a 
priori given due to the injection-and temperature-dependent recharging of localized states in a-Si:H. On 
the other hand, the modeling results are very much dependent on the choice of Qf, as indicated by the 
dashed red lines which show results with Qf  increased by 50% (which is a rather modest increase given 
the fact that Qf varies over orders of magnitude within the band bending range to be covered). Future 
versions of the EIDR model should go beyond the Qf-approach and incorporate injection- and 
temperature-dependent recharging, which will hopefully improve the quantitative correspondence to the 
data of the structures comprising significant c-Si band bending (e.g. for high top layer doping levels). 
Secondly, it was assumed that the comparably short time at elevated T during deposition of the doped top 
layer (about 15’) suffices to fully develop the new equilibrium state corresponding to Tdepo. This is not 
given in any case (particularly with low Tdepo as for (p)a-Si:H deposition), and it has to be noted that T* is 
often assumed to be higher than 400 K, e.g. in Ref. 1. Although there are also equilibration processes 
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taking place below the freeze-in temperature, these are 
slow and the detailed dynamics of defect equilibration 
would have to be considered to define the exact 
microscopic state after such “partial anneal”. On the 
other hand, there are conflicting results in the 
literature concerning the exact T*, thus a complete re-
equilibration already at 400 K is not impossible. There 
is ongoing work aiming at resolving these issues. 
In order to underline the significance of the obtained 
results for a-Si:H/c-Si solar cell optimization we 
conclude with exploring the impact of the (i)a-Si:H 
material parameter E0V on Voc: We solved the 
semiconductor equations for a 200 µm 1 Ωcm c-Si 
wafer with τbulk = 10 ms illuminated with the AM1.5 
spectrum, and calculated Voc from the steady-state 
excess carrier density Δn by Voc = kT/q log[(n0+ Δn)( 
p0+ Δn)/ni2]. The resulting Voc (shown in Fig. 2) was 
calculated with the S(E0V) data from the (p/i)a-Si:H 
stacks in Fig.1a and with S(E0V) as obtained with the 
EIDR model (red line, corresponding to the 
calculation shown in Fig.1a). Although the EIDR 
prediction is affected by the issue of an imperfect field-effect as discussed above, it is obvious that (i)a-
Si:H Urbach energies of <45 meV are required to reach the “target range” of Voc > 710 mV. 
4. Conclusion 
In conclusion, it was found that defect equilibration processes in the a-Si:H layer adjacent to the a-
Si:H/c-Si heterointerface can successfully be invoked to explain the passivation phenomenology of 
(p/n)a-Si:H/(i)a-Si:H/c-Si structures as employed in high-efficiency heterojunction solar cells. The 
dependence of the a-Si:H passivation potential on both Urbach energy and Fermi level at the 
heterointerface highlights EF-dependent dangling bond formation from weak Si-Si bonds to be the 
fundamental mechanism limiting passivation (and thus Voc) in heterojunction solar cells. As EF,S is fixed 
within narrow margins by the requirement of c-Si band bending for effective charge carrier separation, 
the Urbach energy of undoped a-Si:H buffer layers is evidenced to be a crucial device parameter. 
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Fig. 2: Implied Voc for (p/i)a-Si:H stacks as resulting from the 
EIDR model (line) and from the S(E0V) data shown in Fig.1a 
(data points). The dashed line is a guide to the eye. 
